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Abstract
The correct balance between hydrophobic London dispersion (LD) and peptide hydrogen bonding interactions must be attained for proteins to fold correctly. To investigate these important contributors we sought a comparison of the influenza A transmembrane M2 protein (M2TM) 25-residues monomer and the 25-Ala (Ala 25 ) peptide, used as reference since alanine is the only amino acid forming a standard peptide helix which is stabilized by the backbone peptide hydrogen bonding interactions.
Folding molecular dynamics (MD) simulations were performed ing the AMBER99SB-STAR-ILDN force field in trifluoroethanol (TFE) as a membrane mimetic, to study the α-helical stability of M2TM and Ala 25 peptides. It was shown that M2TM peptide did not form a single stable α-helix compared to Ala 25 . Instead appears to be dynamic in nature and quickly inter-converts between an ensemble of various folded helical structures having the highest thermal stability to the N-terminal compared to Ala 25 . Circular dichroism (CD) experiments confirm the stability of the α-helical M2TM. DFT calculations results revealed an extra stabilization for the folding of M2TM from b-strand to the α-helix compared to Ala 25 , due to forces that can't be described from a force field. On a technical level, calculations using D95(d,p) single point at a ONIOM (6-31G,3-21G) minimized geometry, in which the backbone is calculated with 6-31G and alkyl side chains with 3-21G, produced an energy differential for M2TM comparable with full D95(d,p). Natural bond orbital (NBO) and quantum theory of atoms in molecules (QTAIM) calculations were applied to investigate the relative contribution of N- 
Introduction
Helical TM proteins are a major class of membrane proteins that are critically involved in functionally rich processes, including bioenergetics, signal transduction, ion transmission, and catalysis. TM "single-pass" proteins, i.e. those that span the membrane bilayer with a single TM helix, are the largest class of integral membrane proteins. 1, 2 Helix-helix packing from C-H•••O=C between the adjacent helices stabilize dimeric "single-pass" proteins like glycophorin A. Such forces are not present between the transmembrane (TM) α-helices of the tetrameric or pentameric proteins, 3 like the ion channels influenza A M2, influenza B BM2, 4 hepatitis p7 5 or the SARS E protein. 6 The TM spanning domains exhibit most of the functionalities of the full length proteins. These oligomeric bundles have enough conformational plasticity for ion channel activity and C-H•••O=C can stabilize secondary structure in the lipophilic peptide monomers instead of the dimeric "single-pass" proteins.
The M2 protein of the influenza A virus has a short 97-residue sequence and forms homotetramers. It is a proton channel, with M2TM being the channel pore, and its active open state is formed at low pH during endocytosis. 7, 8, 9, 10, 11 In the influenza A M2TM the lipophilic peptide α-helical monomer corresponds to residues Ser22 to Leu46 (SSDPLVVAASIIGILHLILWILDRL). The activation of M2TM bundle ultimately leads to the unpacking of the influenza viral genome and to pathogenesis. 12 In this work we explore the folding of M2TM using a combination of CD and simulations. 13 CD experiments are routinely performed to probe the amount of secondary structure elements in equilibrium ensembles of proteins. 14 An extensive 2.2 μs MD folding simulations of the M2TM and the poly-alanine Ala 25 peptide were performed in TFE, which together with DMSO are the two established membrane-mimicking solvents. 15 The aim of these simulations was threefold. The first is to verify that in the applied membrane-mimicking environment the M2TM peptide is indeed a strong helix former, even in its isolated monomeric form. The second aim is to study the effect that the solvent environment has on the M2TM helix forming propensity. The M2TM monomer has numerous bulky adjacent aliphatic residues which are likely to repel or interact through attractive London Dispersion (LD) interactions with a resulting destabilization/stabilization effect in α-helix. This effect was investigated by comparison with the Ala 25 peptide for which the α-helix is stabilized only by backbone hydrogen bonding N-H•••O=C (peptide) interactions. 16 Because Ala has a small side chain poly-alanine peptides are free of van der Waals interactions between side chains by Ala and helix formation is stabilized predominantly by the backbone peptide hydrogen bonding interactions. [16] [17] [18] [19] [20] [21] Thus, the third aim of the simulations is to estimate, through the comparison with the behavior of the Ala 25 peptide in the same solvent, the relative α-helix formation propensity in the two 25-residue peptides.
Towards the third aim, DFT calculations were also applied to study the hydrophobic α-helix of the 25residue M2TM monomer compared to Ala 25 . Different levels of theory, including the ONIOM method, and model peptides were used to assess the balance between computational efficiency and accuracy for the calculation of the relative stability between α-helix and β-strand. NBO and QTAIM calculations were performed to the M2TM monomer to evaluate the importance of conventional N-H•••O=C compared to C-H•••O=C hydrogen bonds, the last contributing extra stabilization to fold the a-helix monomer. We showed that C-H•••O=C hydrogen bonding interactions are likely an important contributor to the additional stabilization of the α-helix in M2TM compared to Ala 25 .
Methods

System Preparation and Simulation Protocol
The preparation of the systems including the starting peptide structures in the fully extended state or αα-helical structure, with protected N-and C-termini by acetyl-and methylamino groups respectively, together with their solvation and ionization were performed with the program LEAP from the AMBER tools distribution. 22 For the 25-residue M2TM monomer the α-helix from the experimental structure of M2TM tetramer (PDB ID 3C9J) 23 was used. Similarly, the fully extended or α-helix was used for Ala 25 as starting structures. For both simulations periodic boundary conditions were applied with a cubic unit cell sufficiently large to guarantee a minimum separation between the symmetry-related images of the peptides of at least 16 Å. The MD folding simulations of the peptides were followed using the NAMD 24 software for a grant total of 2.2 μs using the TIP3P water model, 25 the TFE parameterization from the R.E.D. library 26, 27, 28 and the AMBER99SB-STAR-ILDN force field. 29, 30, 31 This force field has repeatedly been shown to correctly fold numerous peptides, [32] [33] [34] [35] [36] [37] 38, 39, 40, [41] [42] [43] 44 including peptides in mixed organic (TFE/water) solvents. 45 For both MD simulations adaptive tempering 46 was applied as implemented in the program NAMD.
Adaptive tempering is formally equivalent to a single-copy replica exchange folding simulation with a continuous temperature range. For the simulations this temperature range was 280 K to 380 K inclusive and was applied to the system through the Langevin thermostat. The simulation protocol has been previously described. 42, 43, 44 In summary, the systems were first energy minimized for 1000 conjugate gradient steps followed by a slow heating-up phase to a temperature of 380 K, with a temperature step of 20 K, over a period of 32 ps. Subsequently the systems were equilibrated for 1000 ps under NPT conditions without any restraints, until the volume equilibrated. This was followed by the production NPT runs for 1.1 μs with the temperature and pressure controlled using the Nosè-Hoover Langevin dynamics and Langevin piston barostat control methods as implemented by the NAMD program, with adaptive tempering applied through the Langevin thermostat, while the pressure was maintained at 1 atm. The Langevin damping coefficient was set to 1 ps -1 , and the piston's oscillation period to 200 fs, with a decay time of 100 fs. The production runs were performed with the impulse Verlet-I multiple timestep integration algorithm as implemented by NAMD. The inner time step was 2.5 fs, with shortrange non-bonded interactions being calculated every one step, and long-range electrostatics interactions every two time steps using the particle mesh Ewald method with a grid spacing of approximately 1 Å and a tolerance of 10 -6 . A cutoff for the van der Waals interactions was applied at 9 Å through a switching function, and SHAKE algorithm, with a tolerance of 10 -8 , was used to restrain all bonds involving hydrogen atoms. Trajectories were obtained by saving the atomic coordinates of the whole systems every 1.0 ps.
Trajectory analysis
The analysis of the trajectories was performed as previously described. 42, 43, 44 The programs CARMA, 47 calculation of the frame-to-frame RMSD matrices, calculation of similarity Q values, etc. Secondary structure assignments were calculated with the program STRIDE. 50 All molecular graphics work and figure preparations were performed with the programs VMD, 51 RASTER3D, 52 PyMol, 53 WebLogo 54 and CARMA.
DFT Calculations
Geometry optimizations. Coordinates for the 17-residue peptides were taken from Dannenberg's work. 55 The structure of the 25-amino acids M2TM monomer, SSDPLVVAASIIGILHLILWILDRL, was taken from the x-ray structure of the M2TM tetramer-amantadine complex (PDB ID 3C9J) 23 after removing additives from the x-ray structure, amantadine and the three other equivalent M2TM monomers. Structures for M2TM tetramer having higher resolution have been published and did not differentiate the structure of M2TM monomer used for the calculations. 56, 57 N-and C-termini of the M2TM peptides were capped by acetyl-and methylamino groups, respectively. Calculations were performed with GAUSSIAN 09 package. 58 All the structures in the α-helix or the β-strand conformation were fully geometry optimized and the single point calculations were performed using the B3LYP functional. 59 The basis sets used in this study were the 3-21G, 6-31G 6-31G(d,p), D95 and D95(d,p) 60, 61 (Table 1 ). Geometry optimizations were performed with B3LYP/D95(d,p), B3LYP/6-31G, B3LYP/3-21G and the HF/D95(d,p), HF/6-31G, HF/3-21G. Geometry optimizations were performed also using the ONIOM method, 62 for the combinations B3LYP/ONIOM (6-31G, 3-21G), B3LYP ONIOM (6-31G, AM1) where in parenthesis the higher and lower level are denoted. The higher theory was applied to the backbone chain and the lower theory to the side chains. Frequency calculations were also performed at the B3LYP/D95(d,p) optimized structure using B3LYP/3-21G level in order to characterize the stationary points found as minima. Tables 2 and 3 ).
QTAIM analysis. 64, 65, 66 The existence of a (3,-1) bond critical point (BCP) on the electron density at a D-H··· O=C (D is N or C) bond path suggests the presence of a bonding between atoms H and O. 67, 68, 69, 70, 71 The topological properties of the electron density at this BCP and especially the electron density and its Laplacian (∇ 2 ρ BCP ) are good descriptors of the strength of a particular bond. Typical values of hydrogen bonding interaction at H···Y critical points are 0.002-0.04 a.u. for electron density and 0.02-0.15 a.u. for its Laplacian. 72, 73 To gain a deeper insight into the nature of D-H···O=C contacts, QTAIM theory was applied to analyze the topology of the electron density. AIMALL 74 software was used for identifying (3,-1) BCPs for the D-H•••O=C segments of M2TM α-helix together with the corresponding bond paths. All the QTAIM analyses were carried out using the B3LYP/D95(d,p) wave functions.
Experimental measurement of peptide thermal stability
In order to determine the thermal stability of the M2 transmembrane peptide, we used CD spectroscopy. In brief, the transmembrane peptide corresponding to residues Ser22-Leu46 of the M2 protein was synthesized using standard solid-phase F-moc chemistry and purified by reverse-phase HPLC according to established protocols. 75, 76 Following lyophilization of peptide containing fractions, the protein was reconstituted into 1% dodecyl maltoside (DDM) detergent-micelle using hexafluoroisopropanol co-solubilization. Subsequently, CD spectra containing 1.7 mg/mL (c.a. 0.85 mM) of peptide were recorded using a J-810 spectropolarimeter (Jasco, Japan) in a 0.1 cm pathlength quartz cuvette. Peptide solutions contained 0, 1, and 4% sodium dodecyl sulfate (SDS), as noted. 77 . 4 Results and Discussion 4.1 M2TM folds to a highly dynamic ensemble of helical structures Ιn order to gain an insight into the 25-peptides folding MD simulations were performed. The starting peptide structure of the 25-residue M2TM monomer was in the fully extended state or was taken from an experimental structure of M2TM tetramer, 23 in which M2TM monomer is largely of α-helical type.
Similarly, the fully extended or α-helix was used for Ala 25 as starting structures. MD simulations gave similar results starting from either the extended or α-helical structure. In the former case the peptide very quickly folded in the α-helical structure.. From the MD folding simulations of the M2TM and Ala 25 peptides in TFE, the upper diagram on the left column of Figure 1 shows the results obtained from the per-residue secondary structure assignments of the M2TM peptide as a function of simulation time. Two observations are immediately obvious from Figure 1 . The first is that the M2TM peptide is highly helical in TFE with the great majority of recorded structures containing some form of αor 3 10 -helical structure. The second observation is that the peptide appears to be dynamic in nature and quickly inter-converts between various forms of helical structures. Note also how the helix-forming propensity varies systematically for different parts of the peptide with, for example, residues P-4 to A-8 (P-25 to A-29 as numbered in the 98-residues full M2 protein) being almost always helical, whereas the N-and Cterminal residues remain flexible for the greatest part of the trajectory. This variability in the helix propensity along the length of the peptide is brought forward by the weblogo diagram in the lower panel of Figure 1 which demonstrates not only the significant variation of helicity on a per-residue basis, but also indicates the presence of some minor preferences, such as for example, a tendency of residues 14-16 and 21-23 (residues 35 to 37 as numbered in the M2 protein) to form 3 10 Figure 1 shows the results obtained from the Ala 25 peptide and for the same set of analyses. Clearly, the simplicity of the Ala 25 sequence is reflected in its folding behavior. The polyalanine peptide spends most of the simulation time uniformly and cooperatively folding and unfolding to full-length helical structures which, with the exception of expected frayed termini, appear to be rather stable. The structural complexity observed in the M2TM peptide is no longer present as clearly indicated by the uniform helical preferences shown in the weblogo diagram. Having said that, there is a hint in this analysis that things may not be so simple. The residues with the highest helical propensity are present in the M2TM peptide and not Ala 25 , 1.30 versus 1.25 bits for residues 7 and 8 of M2TM (residues 28 and 29 in the M2 protein) and Ala 25 respectively. The finding that the residues with the most persistent helical content belong to the M2TM, and not the Ala 25 peptide, prompted us to examine the thermal stability of the helical structures of the two peptides. Such an analysis is possible in this case because the simulations were performed using adaptive tempering with a temperature range of 280 to 380 K. What this implies is that each of the structures recorded in the two trajectories has an associated temperature within this range. This allowed us to calculate, for every residue, the fraction of helicity as a function of the temperature. Figure 1 residue of the two peptides. The color scale is the same for the two diagrams and ranges from dark blue (fractional helicity of zero) to dark red (fractional helicity equal to 1.0). To aid interpretation, contour lines have also been drawn (continuous lines for density above the mean of the distribution, dotted lines for density below the mean, thick solid line at the mean density).
Εxperimental evidence of α-helix folding
In order to determine whether M2TM goes through thermal denaturation we used CD circular dichroism spectroscopy. We reconstituted the M2TM peptide in detergent-micelles (1% DDM) using organic solvent co-solubilization. Since M2 is helical in its native state, 57,81-84 it exhibits a maximum CD signature at 222 nm. [81] [82] [83] Therefore, we could conduct a thermal scan by monitoring the ellipticity at 222 nm as a function of temperature. Results shown in Figure 2 indicate that no significant change could be observed allowing us to conclude that thermal denaturation do not occur. Subsequently, we added SDS, a denaturing detergent to the solution and repeated the thermal scans. Once again, no difference in ellipticity could be observed, indicating that under these conditions, M2TM secondary structure is stable in agreement with previous experiments in DPC micelles. 81 Polyalanine-based peptides have been used as model systems to study: (a) Inter-conformational processes as they may relate to the formation of anomalous filamentous intranuclear inclusions in similar in human pathologies, like neurodegenerative diseases or notably in oculopharyngeal muscular dystrophy patients. 85 Synthetic Ala 14 -based peptides have been shown to undergo a transition from αhelical structures to β-sheet complexes in vitro, 86 mimicking the structural transition that is believed to be a prerequisite for fibril nucleation and growth. 18, 87 These poly-alanine peptides form fibrils with βsheet structures, which are aqueous soluble, and stabilized by hydrophobic intersheet interactions. (b) Peptide hydrogen bonds. Alanine is the only amino acid forming a standard peptide backbone that does not suffer a loss of side-chain conformational entropy on helix formation. 16, 21, 88 Indeed, polyproline or polyglycine helices are frequently found in proteins, but are not considered as equivalent secondary structure elements because they do not form a similar self-contained hydrogen-bonding network of the main chain atoms.
It has been shown both experimentally and using MD simulations that in Ala 14 -Ala 48 peptides at low concentrations (0.1-0.5 mΜ) and low temperatures (25 °C) random coils assemble into α-helical structures and relatively very few β-sheet peptides. 16, 86, 89 These concentrations correspond to the very dilute regime, in which most peptides do not interact with neighboring peptides. These, uninterrupted alanine sequences are found to have the highest helix propensity characteristic of alanine between other peptides. 16, 21, 88 In the low concentrations (0.1-0.5 mΜ) random coils assemble into α-helical structures at low temperatures (at 25 °C), and β-sheet increases to 20% at high temperatures (65 °C). As the peptide concentration increased to intermediate concentrations (1mM) random coils assemble into αhelical structures at low temperatures and β-sheet peptides predominate at high temperatures (65 °C). A high concentrations (5 mM) the β-sheet formation predominates at 25 °C.
From the results obtained here and the previously published results 86, 89 it is shown that both 25-residue peptides, M2TM or Ala25, exist in a stable α-helix at 25 and low concentration regime. The MD simulations suggest that both α-helices are spontaneously formed from an extended structure to form αhelical peptides.
Calculations of electronic energy for M2TM peptide folding
Understandably, although the MD simulations provide a qualitative indication of how the highly complex membrane environment may affect folding, the comparison from MD simulations can only be viewed as inherently limited. The application of a force field may not describe accurately the differences in forces for folding of the two peptides. Thus, DFT calculations were applied to study the hydrophobic α-helix of the 25-residue M2TM monomer compared to Ala 25 . Repulsions due to steric crowding between the bulky adjacent aliphatic residues of amino acide side chains would tend to destabilize the β-strand and the α-helix in M2TM. The Ala 25 peptide with a minimal side chain groups is free of this kind of destabilizing steric repulsion for the α-helix and β-strand structures. However, the interactions between side chains include also stabilizing LD C-H•••O=C or C-H•••H-C interactions. [90] [91] [92] Full geometry optimization of the 25-residue M2TM monomer from the experimental structure of the M2TM tetramer, 23 led to the α-helix designation below. As a reference unfolded geometry, all dihedral angles along the chain were initially set to 180°, and a full optimization begun at this point. Because of its similarity to the classical β-sheet, this unfolded geometry was denoted as such. Similar procedures were followed also for the similarly sized Ala 25 , as well as the smaller 17-residue chains Ala 17 and (Ala) 9 Ile(Ala) 7 . The coordinates of the minimized structures corresponding to the 17-residue α-helices of Ala 17 and of (Ala) 9 Ile(Ala) 7 were reported in the literature. 55 To choose a computationally economic level of theory for the energetic comparison between α-helix and β-strand structures for M2TM several levels of theory were tested. The combination of the B3LYP functional with the Dunning/Huzinaga full double-ζ D95(d,p) 93 basis set was taken as reference level for full geometry optimization energies as it has been considered to be reliable in previous works. 55 The 17-amino acid peptides Gly 17 , Ala 17 , (Ala) 9 Ile(Ala) 7 and the Ala 25 peptide were all used to compare results at different levels. HF calculations were tested first but they yielded strongly folded minima for the β-strand structure of the Ala 17 and (Ala) 9 Ile(Ala) 7 peptides. The DFT calculations were adapted and full geometry optimizations were performed for Ala 17 , (Ala) 9 Ile(Ala) 7 , Ala 25 , and M2TM using B3LYP in conjunction with 3-21G and D95(d,p) basis sets. For these peptides the ONIOM method was also applied using different combinations for the two layers ie 6-31G,AM1; D95,AM1; 6-31G(d,p),AM1; 6-31G,3-21G. In these calculations the backbone was calculated at the higher level and alkyl side chains at the lower level. Single point calculations were performed with D95(d,p) basis set, ie D95(d,p)//3-21G; D95(d,p)//6-31G,AM1; D95(d,p)//D95,AM1; D95(d,p)//6-31G(d,p),AM1 for all the peptides and D95(d,p)//6-31G,3-21G for the M2TM. It was found that the D95(d,p)//6-31G,AM1 and D95(d,p)//D95,AM1 resulted in the closest agreement with the full D95(d,p) energy differences between the β-strand and α-helix structures for Ala 17 , (Ala) 9 Ile(Ala) 7 and Ala 25 (see the relevant underlined values in Table 1 ) but was less accurate for M2TM, which includes a diverse set of side chains. For M2TM, the D95(d,p)//6-31G, 3-21G level of theory was found to be most appropriate (see the relevant underlined value in Table 1 ). Table 1 are unanimous in placing the α-helix lower in energy than the β-sheet structure, for all of the systems, and at all levels of theory. What differs is the amount of this extra stabilization. In the case of M2TM, of which the α-helical structure is illustrated in Figure 1a , this difference varies between 40 and 100 kcal mol -1 , with the highest value associated with ONIOM method and 6-31G, AM1. This level of theory also yields the highest difference for the other oligopeptides. The central question thus becomes a search for the reason underlying this much greater stability of the folded αhelix in M2TM compared to Ala 25 . From the folding MD simulations it was plotted a higher thermal stability for the N-terminal of M2TM (24-31) compared to the N-terminal part of the M2TM peptide. It has been shown that the energetics of α-helix formation from the unfolded non-helical state are enthalpy dominated rather than entropy controlled. 20 Consequently, the search centers upon the energetics. Since the α-helix is held together in part by hydrogen bonds, it is here that the examination centers. a This level of theory was not tested for the M2TM since it was not accurate for the polyalanine peptides. b This level of theory was not tested for the polyalanine peptides since it is computationally more demanded than the D95(d,p)//6-31G, AM1 (ΟΝΙΟΜ) which afforded the required accuracy for these peptides.
The data in
Contribution of C-H···O hydrogen bonds to α-helical stability
It has been shown that hydrogen bonding is more than twice as important as hydrophobic interactions, i.e., LD interactions between the side chains of aminoacids of neighboring extended peptide chains for aggregation into amyloid fibrils with β-sheet structure, and that the LD interactions between side chains in globular proteins including interacting α-helices, β-strands etc is approximately twice as important as hydrogen bonding for protein folding. 89, 94, 95 In a single α-helix these LD interactions between side used for quantitatively characterizing hydrogen bond interactions between two atoms. 64, 65 In order to better understand the forces holding M2TM in its optimal α-helical conformation, an analysis has been carried out of all hydrogen bonds involving the carbonyl oxygens atoms. These interactions are of two sorts, those with the conventional NH proton donors, as well as those in which it is a CH group that serves as donor. Examples of some of these hydrogen bonds are displayed in Figure   3b which constitutes an exploded section of the α-helix, and which contains some of the relevant hydrogen bond lengths. These bonds are summarized in Tables 2 and 3 respectively. 
Conclusion
Upon folding, the protein minimises the free energy of the protein water system by clustering hydrophobic groups and forming intramolecular hydrogen bonds. 105, 106 It has been concluded using both experiments and simulations that the correct balance between a side-chain-driven hydrophobic collapse, where hydrophobicity, i.e., LD interactions is a major player, and a backbone-driven selfassociation, where peptide hydrogen bonding is needed, must be attained for proteins to fold correctly. 89, 106, 102, 95 Folding MD simulations showed that the influenza A M2TM 25-residues monomer peptide did not form a single stable α-helix compared to Ala 25 . We performed CD experiments which show that M2TM is a stable α-helix as was shown previously for polyalanine peptides. The M2TM monomer appears to be more dynamic in nature than Ala 25 and quickly inter-converts between an ensemble of various folded helical structures. This is consistent with the fact that helix of Ala 25 peptide is formed only by peptide hydrogen bonding interactions compared to M2TM. A significant finding was that the residues with the highest thermal stability belong to the N-terminal part of the M2TM peptide, and not in Ala 25 .
DFT calculations results revealed an extra stabilization for the folded α-helix in M2TM compared to Ala 25 resulted from interactions that can not be described with a force field. The higher α-helical energetic stability can be attributed in to a higher number of unconventional C-H A.K., S.S., N.G. wrote the manuscript. We thank Olalla Nieto-Faza for running the QTAIM calculations.
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